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Water filtration rate and infiltration/accumulation of 
low density lipoproteins in 3 different modes of  
endothelial/smooth muscle cell co-cultures 

DING ZuFeng, FAN YuBo & DENG XiaoYan† 
School of Biological Science & Medical Engineering, Beihang University, Beijing 100191, China 

Using different endothelial/smooth muscle cell co-culture modes to simulate the intimal structure of 
blood vessels, the water filtration rate and the infiltration/accumulation of LDL of the cultured cell lay-
ers were studied. The three cell culture modes of the study were: (i) The endothelial cell monolayer 
(EC/Φ); (ii) endothelial cells directly co-cultured on the smooth muscle cell monolayer (EC-SMC); (iii) 
endothelial cells and smooth muscle cells cultured on different sides of a Millicell-CM membrane 
(EC/SMC). It was found that under the same condition, the water filtration rate was the lowest for the 
EC/SMC mode and the highest for the EC/Φ mode, while the infiltration/accumulation of DiI-LDLs was 
the lowest in the EC/Φ mode and the highest in the EC-SMC mode. It was also found that DiI-LDL infil-
tration/accumulation in the cultured cell layers increased with the increasing water filtration rate. The 
results from the in vitro model study therefore suggest that the infiltration/accumulation of the lipids 
within the arterial wall is positively correlated with concentration polarization of atherogenic lipids, and 
the integrity of the endothelium plays an important role in the penetration and accumulation of 
atherogenic lipids in blood vessel walls. 

cell culture mode, atherosclerosis, concentration polarization 

In the past years, many researchers have emphasized the 
importance of wall shear stress in atherogenesis. How-
ever, due to the fact that the early event leading to the 
genesis of atherosclerosis is the accumulation of choles-
terol and other lipids within the arterial wall, in recent 
years, researchers have been paying more and more at-
tention to material transport in the circulation and the 
interactions between blood cells and the blood vessel 
walls[1], and proposed the concepts of “residence time” 
for atherogenic agents[2,3]. They believe that the “resi-
dence time” and the deposition of atherogenic particles 
onto the blood vessel walls[4] play important roles in 
atherogenesis and thrombus formation.  

Deng et al.[5] has predicted a mass transport phe-
nomenon of concentration polarization of atherogenic 
low density lipoproteins (LDL) within the arterial sys-
tem theoretically and verified it experimentally in vi-
tro[6,7]. Their study revealed that concentration polariza 

tion of LDL was positively correlated with water filtra-
tion rate across the arterial wall and adversely correlated 
with flow-induced wall shear stress. Apparently, the oc-
currence of concentration polarization of LDL in the 
arterial system can affect the “residence time” and the 
deposition of atherogenic particles. They therefore have 
suggested that flow-dependent LDL concentration po-
larization at the blood/wall interface may play an im-
portant role in the localization of atherogenesis. 

Now that concentration polarization of LDL at the 
blood/wall interface has a positive correlation with water 
filtration rate and affects the infiltration/accumulation of 
LDLs within the arterial wall, which is the early event 
leading to atherogenesis, our questions are: What roles  
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do the integrity of the endothelial surface and the struc-
ture of the blood vessel wall play in atherogenesis? How 
do they affect water filtration rate of the blood vessel 
and the infiltration/accumulation of atherogenic lipids in 
the vessel wall? In order to answer these questions, in 
the present study, we used 3 different modes of cell cul-
tures to simulate the blood vessel walls with different 
morphological states and studied the infiltration and ac-
cumulation of LDL in the cultured cell layers.  

1  Materials and methods 

1.1  Materials  

RPMI 1640 medium was purchased from Invitrogen 
Corpration (Calif, USA). Dulbecco’s Modified Eagle 
Medium (DMEM), penicillin and streptomycin were 
from Sigma Chemical (Stlouis, MO). Fetal calf serum 
(FCS) was from TBD (Beijing, China). Millicell-CM 
culture inserts (PICM 03050) were from Millipore Corp. 
(Bedford, MA). 1,1′-dioctadecyl-3,3,3′,3′-tetramethyl 
indocarbocyanine (DiI) was from Biomedical Techno-
ligies Inc. (MA, USA). 

1.2  Preparation of LDL and DiI-LDL  

LDLs were prepared and purified from fresh plasma 
obtained from healthy volunteers by gradient ultracen-
trifugation according to the method of Redgrave et al.[8]. 
The purity of the LDLs prepared was over 90% (LDL/ 
total proteins), which was determined by the method of 
Lowry et al.[9]. The LDLs were stored in sterile polysty-
rene tubes for periods less than 5 d at 4℃ until ready 
for use, therefore the level of oxidation of the LDLs was 
very low. Prior to each perfusion experiment, the puri-
fied LDLs were labeled with DiI following the proce-
dure described by Li et al.[10]. The labeled LDLs were 
added to the DMEM cell culture medium that was used 
as the experimental perfusion solution. Then, the con-
centration of the labeled LDLs in the prepared perfusion 
solution was determined by measuring the protein con-
centration of the labeled LDLs by Bradford Protein As-
say Kit.     

1.3  Primary human endothelial and smooth muscle 
cells  

Human ECs (huECs) and SMCs (huSMCs) were iso-
lated from human umbilical cords. First, blood in the 
umbilical cord was rinsed with cold phosphate-buffered 
saline (PBS) buffer. After 20 mL of 0.125% trypsinase 

was injected into the vein of the cord, the cord was in-
cubated at (37±1)℃ for 20 min. Then, huECs were col-
lected by perfusion with the 1640 cell culture medium. 
Next, the collected ECs were centrifuged for 5 min at  
89×g and suspended in 1640 medium containing 20% 
fetal calf serum (FCS). HuSMCs were acquired by ex-
planting pieces of tissue individually. HuECs and 
huSMCs were cultured separately in RPMI 1640 Me-
dium and DMEM with FCS (20%, v/v), penicillin (100 
kU/L) and streptomycin (100 mg/L) in a humidified en-
vironment of 5% CO2 and 95% air at (37 ±1)℃.  

1.4  HuEC and HuSMC co-culture preparations 

The 3 cell cultures with different modes were prepared 
as follows: EC/Φ mode (endothelial cell monolayer cul-
ture): Human endothelial cells (huECs) at a density of 
1×106 cells/cm2 were seeded on a Millicell-CM mem-
brane (PICM 03050; Millipore Corp., Bedford, MA) 
which had an effective surface area of 4.2 cm2 with 
pores of 0.4 μm in diameter and was incubated for about 
3 h at (37 ±1)℃. Then, the cell culture was immersed in 
a culture medium. The state of attachment of cells onto 
the membrane and confluence of cells on the membranes 
were monitored by a phase contrast microscope from 
time to time. The culture medium was renewed every 
3—4 days.  

EC-SMC mode (direct endothelial cell and smooth 
muscle cell co-culture): Human smooth muscle cells 
(HuSMCs) at a density of 1×106 cells/cm2 were seeded 
on a Millicell-CM membrane for 3—4 days at (37 ±1)℃. 
After the confirmation by phase-contrast microscopy 
that the entire surface of the membrane was covered 
with huSMCs, huECs were seeded directly over the 
huSMCs at a density of 1 × 106 cells/cm2. In order to 
assure the huECs to form a confluent monolayer overlay-
ing on top of the whole surface of the cultured huSMCs, 
the co-cultured cells were incubated at (37 ±1)℃  
for 2 d before the experiment.  

EC/SMC mode (indirect endothelial cell and smooth 
muscle cell co-culture): First, huECs at a density of 
1×106 cells/cm2 were seeded on the basal side of a 
Millicell-CM membrane. Two hours after, the mem-
brane with huECs was placed into a 6-well plate con-
taining the cell culture medium. Then, the inner side of 
the membrane was seeded with huSMCs. Following the 
same procedure of cell culture as the EC-SMC mode, 
the ECs and SMCs separated by the semi-permeable 
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Millicell- CM membrane were co-cultured. 

1.5  Experimental setup 

Figure 1 shows a schematic drawing of the experimental 
perfusion system. It consisted of a head tank, a down-
stream collecting reservoir, a modified parallel-plate 
flow chamber with a height of 0.5 ×10−3 m and a width 
of 35×10−3 m, a peristaltic flow pump to circulate the 
perfusion fluid (the cell culture medium) and a blender 
of air and CO2 with a constant temperature ((37±1)℃). 
All the components of the perfusion system were con-
nected using tygon tubing. The flow rate was controlled 
by adjusting the height of the overflow head tank and 
the resistance of the needle valve so that both the desired 
flow rate and a perfusion pressure could be achieved 
simultaneously. As an insert, the prepared Millicell-CM 
membrane dish with cell cultures of different modes (the 
cell culture insert) was installed at the middle bottom of 
the flow chamber with the help of a specially designed 
support. The EC side of the cell culture insert was ex-
posed to the flow. The abluminal side of the cell culture 
insert was supported with a hand-made membrane sup-
port so that the co-culture did not sag even when perfu-
sion pressure was applied to it. A pressure transducer 
and a flow meter were used to monitor the perfusion 
pressure and the flow rate through the flow chamber, 
respectively. During the experiment, the flow chamber 
was enclosed in a container to keep it at a constant tem-
perature of (37 ±1)℃.  

1.6  Perfusion solution 

For each experiment, cell culture medium DMEM with 
10% fetal calf serum was freshly prepared as the ex-
perimental perfusion solution, in which DiI-LDL was 
added at a desired concentration. The pH value of the 
perfusion solution was adjusted to 7.2. 

1.7  Measurement of water filtration rates 

Water filtration rates (vw) across the cell culture prepara-
tions of different modes were measured following the 
same procedure described by Deng et al[11]. with the help 
of the calibrated pipette on the dish support, which had 
an inner diameter of 1 ×10−3 m (Figure 1). During the 
measurement, wall shear stress and DiI-LDL concentra-
tion of the perfusion solution were kept constant at 1.3 
Pa and 10 μg/mL, respectively, while the perfusion 
pressure within the flow chamber was varied at 10, 30, 
50, 70 and 100 mmHg.  

Wall shear stress was calculated using the formula as 
follows: τ = 6 μQ/wh2, where μ is the viscosity of the  
medium and Q is the flow rate (milliliters per second), h 
and w are the width and height of the parallel-plate flow 
chamber. 

1.8  Measurement of DiI-LDL infiltration/accumu- 
lation  

In order to evaluate the role of the integrity of the endo-
thelium and the structure of the cell culture layers in 
DiI-LDL infiltration/accumulation that is greatly affect- 

 

 
 

Figure 1  Schematic drawing of the experiment perfusion system. The cell culture insert was the main component of the experiment perfusion system. 
The overflow head-tank provided a steady flow to the parallel-plate flow chamber. The filtration rate measurement cell on the abluminal side of the 
co-culture was filled with the same fluid as the perfusate. 
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ed by the surface concentration (cw) of DiI-LDLs, cw of 
DiI-LDLs has to be kept constant in all experiments. 
According to the study by Deng et al.[5,6], cw is a function 
of the bulk concentration (c0) of DiI-LDLs, the water 
filtration rate (vw) and the wall shear stress (τw). There-
fore, the best way to maintain cw constant in all experi-
ments is to set the 3 parameters (c0, vw and τw) constant.  

The measurement of DiI-LDL infiltration/accumula- 
tion was carried out under 2 groups of conditions: (i) 
Setting c0, τw and vw at 10 μg/mL, 1.3 Pa and 4.0×10-6 
cm/s; (ii) setting c0, τw and vw at 10 μg/mL, 1.3 Pa and 
5.3×10−5 cm/s. DiI-LDL infiltration/accumulation within 
the cell-culture preparations was determined using a 
slightly modified method described by others[12]. Briefly, 
after 2 h perfusion flow, the cell culture insert was dis-
assembled from the flow chamber and washed with cold 
PBS for 3 times. These cells were lysed with 1 mL of 
0.4% Triton-X in PBS for 10 min and then detached 
from the membrane using a cell scraper. Complete lysis 
of the cells was achieved by gentle pipetting of the lys-
ate, followed by removal of cell debris by centrifugation. 
The fluorescence intensity of the samples was measured 
with a spectrofluorometer (Cary Eclipse, Varian, USA) 
at excitation and emission wavelengths of 514 and 550 
nm, respectively. The fluorescence intensity was then 
converted to the concentration of lipoproteins with a 
calibration curve of DiI-LDL. A standard procedure was 
followed throughout the entire experiment. Prior to the 
exposure of the co-cultured cell insert to DiI-LDL, the 
cell insert was first subjected to steady laminar shear 
flow of 1.2 Pa for 24 h to precondition the ECs. Prior to 
the completion of the measurement, the water filtration 
rate across the cell-culture preparation was measured 
again to assure it was unchanged.  

1.9  Statistical analysis  

Experiments were repeated at least 3 times under the 
same flow conditions. Statistical analyses were per-
formed by using the Origin 7.0 software. The results 
were presented as means ± SD. Differences in means 
were considered significant if P < 0.05. 

3 Results 

3.1  The ECs and SMCs primary culture from hu-
man umbilical cords 

Figure 2 shows that the ECs and SMCs primary culture 
from human umbilical cords with the methods of 
trypsinization and explanting pieces of tissue individu-
ally, respectively. The ECs were incubated for 3 days 
after isolation from human umbilical cords in 1640 cul-
ture medium, while the SMCs were incubated for 10 d in 
DMEM at (37 ±1)℃. Under the static condition, the 
shape of ECs cultured alone was round or polygonal. It 
was typical contact-inhibited cobblestone appearance. 
Differently, the shape of SMCs cultured alone was over-
lapping layers with a typical hill-and-valley pattern of 
growth. In the co-cultures of ECs and SMCs, owing to 
interference by the porous membrane and underlying 
co-cultured SMCs, the growth pattern of the ECs in the 
co-cultures was not clearly observable under the micro-
scope. 

3.2  Correlation of water filtration rate with perfu-
sion pressure 

In this set of experiment, the perfusion pressure within 
the flow chamber was varied at 10, 30, 50, 70 and 100 
mmHg while keeping the shear stress and the DiI-LDL 
concentration of the perfusion solution constant at 1.3 Pa 

 

 
 

Figure 2  Photographs of human ECs and SMCs primary culture. The cells were incubated for 3 and 10 days in a culture medium at (37 ±1)℃ for ECs 
and SMCs, respectively. The opaque part in SMC was explanting pieces of the tissue from human umbilical cords.  
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and 10 μg/mL. The measured results are shown in Fig-
ure 3. A regression analysis was performed for data fitt- 
ing. As evident from the figure, the water filtration rate 
(vw) across the semi-permeable wall of the cell culture 
insert increased almost linearly with increasing perfu-
sion pressure for all of the 3 modes of cell cultures. The 
measured water filtration rates were ranged from 
2.0×10−6 to 6.5×10−5 cm/s. The measurement showed 
that under the same perfusion pressure, vw was the high-
est for EC/Φ and the lowest for EC/SMC. 

 

 
 
Figure 3  The plots of the filtration rate vs. perfusion pressure for the 3 
different modes of cell cultures. The shear stress and the concentration of 
DiI-LDL were kept constant during the measurement at 1.3 Pa and 10 
μg/mL, respectively. The results are expressed as means±SD (n= 8). 
 

3.3  DiI-LDL infiltration/accumulation  

In this set of experiment, 2 groups of conditions were set. 
c0, τw and vw were: (i) 10 μg/mL, 1.3 Pa and 4.0×10−6 
cm/s, respectively and (ii) 10 μg/mL, 1.3 Pa and 
5.3×10−5 cm/s, respectively. From Figure 3, it can be 
determined that if vw is set at 4.0×10−6 cm/s, the corre-
sponding perfusion pressures for the 3 modes of cell 
cultures must be 10, 14 and 19 mmHg for EC/Φ, 
EC-SMC and EC/SMC, respectively. The same as above, 
when vw is set at 5.3× 10−5 cm/s, the corresponding per-
fusion pressures must be 83, 90 and 100 mmHg for 
EC/Φ, EC-SMC and EC/SMC, respectively. During the 
measurement, the determined perfusion pressures were 
used for their corresponding modes of cell-culture 
preparations. 

Figure 4 shows the values of DiI-LDL infiltration/ 
accumulation for EC/Φ, EC/SMC and EC-SMC while 
the water filtration rate was set at 4.0×10−6 cm/s and  

 
 

Figure 4  DiI-LDL infiltration/accumulation for the 3 different modes of 
cell cultures. The shear stress and the concentration of DiI-LDL were kept 
constant during the measurement at 1.3 Pa and 10 μg/mL, respectively. 
The results are expressed as a means+SD (n=3~5). 

 

5.3×10−5 cm/s respectively. As evident from the figure, 
the infiltration/accumulation of DiI-LDL was the lowest 
for the EC/Φ mode and the highest for the EC-SMC 
mode. The infiltration/accumulation of DiI-LDL in-
creased very sharply when vw increased from 4.0×10−6 
cm/s to 5.3×10−5 cm/s. At vw= 4.0×10−6 cm/s, it was 
(0.12 ± 0.03) μg/h for EC/Φ, 0.16 ± 0.05 μg/h for EC- 
SMC and (0.18 ± 0.08) μg/h for EC/SMC. When vw in-
creased to 5.3×10−5 cm/s, the value of DiI-LDL infiltra-
tion/accumulation increased to (0.44 ± 0.02), (0.56 ± 0.04) 
and (0.62 ± 0.05) μg/h for EC/Φ, EC-SMC and EC/ 
SMC, respectively. 

4  Discussion 

Atherogenic lipid infiltration and accumulation within a 
blood vessel wall may depend not only on the concen-
tration of lipids at the blood/arterial wall interface, but 
also on the integrity of the endothelial surface and the 
structure of the blood vessel wall. In order to verify this, 
we used three modes of cell cultures to simulate the 
walls of blood vessels with different morphological 
states, and measured the water filtration rate and DiI- 
LDL infiltration/accumulation in the cultured cell 
preparations.  

The three cell culture modes of the study were: (i) 
The endothelial cell monolayer (EC/Φ); (ii) endothelial 
cells directly co-cultured on the smooth muscle cell 
monolayer (EC-SMC)[12]; (iii) endothelial cells and 
smooth muscle cells cultured on different sides of a 
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Millicell-CM membrane (EC/SMC)[13]. Morphological 
observation revealed that, similar to the EC/Φ mode, the  
confluent EC layer of the EC/SMC mode was tight and 
intact, while its co-cultured SMCs were uniformly dis-
tributed in the absence of the hill-and-valley pattern, 
which was consistent with what observed by Powell et 
al.[14]. Therefore, during the flow experiment, the co- 
cultured SMCs did not directly subject to the flow. Dif-
ferently, the endothelial cells of the EC-SMC mode did 
not 100% cover the surface of the co-cultured SMCs 
underneath, leaving some of the SMCs directly exposed 
to the perfusion flow. Therefore, the co-culture prepara-
tions of the EC-SMC mode can be used to analogy 
blood vessels with endothelial damage. 

In the present study, the concentration of DiI-LDLs at 
the luminal surface of the cultured cell preparations (cw) 
was kept constant in all experiments by maintaining the 
water filtration rate, wall shear rate and the bulk concen-
tration (c0) of DiI-LDLs constant. The experiment 
showed that, under the same condition (the same perfu-
sion pressure and the same wall shear stress), the water 
filtration rate across the cultured cell preparations was 
the lowest for the EC/SMC mode and the highest for the 
EC/Φ mode, while the infiltration/accumulation of DiI- 
LDLs was the lowest for the EC/Φ mode and the highest 
for the EC-SMC mode. The results also demonstrated 
that the amount of DiI-LDL infiltration/accumulation 
increased with the increasing water filtration rate. When 
vw increased from 4.0×10−6 to 5.3×10−5 cm/s, the DiI- 
LDL infiltration/accumulation in all three modes of cell 
cultures increased very sharply. According to the study 
by Deng et al.[5], the luminal surface concentration of 
DiI-LDLs (cw) was almost linearly correlated to vw, we 
therefore can conclude that the DiI-LDL infiltration/ 
accumulation by the cultured cell preparations was de-
termined by both the cw and the modes of the cell cul-
tures.  

The experimental result revealed that, under the same 
perfusion pressure, although the EC/Φ mode (ECs cul-
tured alone) had the highest water filtration rate, the 
DiI-LDL infiltration/accumulation of this mode was the 
lowest. This result may not necessarily imply that the 
amount of DiI-LDL infiltration into the EC/Φ prepara-
tion was the lowest, but most likely indicating that most 
of the DiI-LDLs infiltrating into the culture cell prepara-
tion passed through the preparation and effluxed from its 
opposite side. The infiltration/accumulation of DiI- 

LDLs observed for the EC/Φ preparation can be used to 
analogy the situation of the vein. As we all know, 
atherosclerosis only develops in arteries, not in veins. 
The reason for this can hardly be explained only by the 
shear stress hypothesis proposed by many research-
ers[15,16], because the veins also branch and experience 
flow disturbances with low wall shear stresses. However, 
from the view point of mass transport, this phenomenon 
can be easily explained. As it has been known that an 
early event leading to the genesis and development of 
atherosclerosis is the accumulation of cholesterol and 
other lipids within the blood wall. However, greater ac-
cumulation of atherogenic lipids within a blood vessel 
wall is supposed to be due to increased influx of lipids 
into the wall and decreased efflux of the lipids out of the 
wall. In other words, within a blood vessel wall, the final 
net lipid accumulation, leading to atherosclerotic lesions, 
is the result of 2 processes: influx and efflux of lipids. In 
the circulation, the veins may have the same level of 
lipid influx as the arteries because both the veins and the 
arteries have the same level of water filtration rate under 
their own physiological pressure condition[17], hence 
exposing to the same level of luminal surface lipid con-
centration[5]. However, due to the fact that the veins have 
much thinner walls than the arteries, therefore, just like 
the EC/Φ mode cell culture preparation, the efflux of the 
lipids infiltrating into the venous walls may be much 
higher than that of the arterial wall. This leads to the net 
accumulation of atherogenic lipids within the venous 
walls much lower than that within the arterial walls. This 
might be the main reason why atherosclerosis only de-
velops in the arterial tree, not in the venous system. 

However, when veins are implanted into the arterial 
system as grafts or subjected to arterial pressure as in the 
case of arteriovenous fistulas, accelerated atherogenisis 
would occur. The arteriographic examinations by Cam-
peau et al.[18] showed that 1 year after implantation, 32% 
of the venous grafts developed significant atheroscle-
rotic stenosis and that another 30% were occluded. The 
accelerated atherosclerosis to venous grafts is though 
largely related to the arterialization process of the ve-
nous grafts, a remodeling adaptive reaction to arterial 
pressure[19], but the mechanism of lipids transport ob-
served in this study may play a very important role in it. 

In the present experimental study, among the 3 cell 
culture modes, the endothelial cell morphology of the 
EC-SMC mode is most similar to the intima with endo-
thelial lining damage. The results showed that the cul-
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ture cell preparation of EC-SMC mode had the highest 
lipid infiltration/accumulation and the second highest 
water filtration rate. Therefore, the intima of a venous 
graft bears an analogy to the direct co-culture mode 
(EC-SMC). When a vein is harvested and prepared for 
arterial reconstructive surgery, the endothelial surface of 
the vein will no doubt be damaged more or less. After 
implantation, when subjected to arterial pressure, the 
venous graft will experience excessive distension, which 
can further damage the endothelial linings of the vessel 
and result in an increased water filtration flow[20]. 
Therefore, similar to the culture cell preparation of the 
EC-SMC mode, the arterialized venous graft with its 
thickened wall and damaged endothelial linings will 
have a much higher rate of lipid infiltration/accumula- 
tion within its wall, hence leading to the accelerated 
atherogenesis.  

Previous studies by Berceli et al.[21] showed that the 
LDL permeability into the arterial wall was high in low 
shear stress regions where the endothelial cells were 
round and polygonal with no preferred orientation, while 

the LDL permeability was low in high shear stress re-
gions where the endothelial cells were enlongated and 
aligned to the direction of blood flow. Therefore, the 
infiltration/accumulation within the culture cell prepara-
tions of the EC-SMC mode may also be used to analo-
gize the intima of the arterial walls in disturbed flow 
regions with low wall shear stresses. 

In summary, the present experimental study demon-
strated that the mass transport phenomenon of athero-
genic lipid concentration polarization[5], the integrity of 
the endothelial surface and the structure of the blood 
vessel wall may play very important roles in athero-
genesis and can be used to not only account for the lo-
calization of atherosclerosis, but also explain why 
atherogenesis only occurs in the arterial tree, not in the 
venous system. Based on this explanation, we believe 
that a rigid external wrap support to the venous graft 
may prevent or slow down the atherogenic process of 
venous grafts by reducing the damage to the endothe-
lium and the infiltration/accumulation of lipids within 
the venous wall. 
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